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About partonic intrinsic motion and SSA

Estimate of transverse motion of quarks 

TMDs: spin-intrinsic motion correlations in 
distribution and fragmentation functions 

Sivers and Collins functions; SSA in SIDIS 

Coupling Collins function and Transversity 

What do we learn from Sivers functions?

The full structure of TMDs in SIDIS   
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FIG. 3: Three dimensional kinematics of the SIDIS process.
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where k′0, k′3 and |k′| are given in Eqs. (25) and P 3
h = (zh W )/2 − P 2

T /(2zh W ).
Eqs. (26) and (28) allow us to describe the fragmentation process in terms of the variables (zh, P T ):

dz d2p⊥ = dzh d2P T
z

zh
, (30)

so that, finally, the SIDIS cross section (20) can be written in terms of physical observables as:
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This is an exact expression at all orders in (k⊥/Q); x is given in Eq. (6) and the full expressions of z and pT in
terms of xB, Q2, k⊥, zh and P T can be derived from Eqs. (25), (26) and (28). Notice that, in the physical variables
xB and zh, the x − z factorization of Eq. (20) is lost, even in our simple parton model treatment; it can be recovered
at O(k⊥/Q) (see Eq. (32) below).

Let us now consider again the issue discussed at the end of Section II A, concerning the azimuthal dependence of the
cross section, by comparing Eqs. (19) and (31). The former equation describes the cross section for jet production and
depends, as we explained, on the azimuthal angle ϕ, that is on the azimuthal angle of the intrinsic k⊥ of the quark in
the proton. Such a dependence is integrated over in Eq. (31), which describes the cross section for the production of a
hadron, resulting from the non collinear fragmentation of the quark. Therefore, there cannot be any ϕ dependence in
this cross section. However, due to relations (26) and (28), the integration over k⊥ at fixed P T = PT (cosφh, sinφh, 0)
introduces a dependence on the azimuthal angle φh of the produced hadron h, that is the angle between the leptonic
and the hadronic plane, Fig. 3. This azimuthal dependence remains in the SIDIS cross section and will be studied in
the next Section (see also Appendix A).

(Ji, J.P. Ma, Yuan)
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û = −x

(
s− Q2

xB

)
+ 2 ! · k⊥ − k2

⊥
xBs

x Q2
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Elementary Mandelstam variables:

The on shell condition for the final quark 

implies 
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EMC data, µp and µd, E between 100 and 280 GeV

M.A., M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia and A. Prokudin, C. Türk
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FIG. 2:

Feynman diagrams corresponding to !q and !g elementary scattering at first order in αs.
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where ij denote the initial and fragmenting partons, ij = qq, qg, gq. Inserting the above expression into Eq. (9) yields,
for the O(αs) cross section:
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S · (p× k⊥)

How does intrinsic motion help with SSA?

One can introduce spin-k┴ correlation in the 
Parton Distribution Functions (PDFs) and in the 

parton Fragmentation Functions (FFs) 

X

Only possible (scalar) correlation is 



TMDs: Sivers function

Boer-Mulders function

fq,sq/p(x,k⊥) =
1
2

fq/p(x, k⊥) +
1
2
∆Nfq↑/p(x, k⊥) sq · (p̂× k̂⊥)

=
1
2

fq/p(x, k⊥)− k⊥
2M

h⊥q
1 (x, k⊥) sq · (p̂× k̂⊥)

fq/p,S(x,k⊥) = fq/p(x, k⊥) +
1
2
∆Nfq/p↑(x, k⊥) S · (p̂× k̂⊥)

= fq/p(x, k⊥)− k⊥
M

f⊥q
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Dh/q,sq
(z,p⊥) = Dh/q(z, p⊥) +

1
2

∆NDh/q↑(z, p⊥) sq · (p̂q × p̂⊥)

= Dh/q(z, p⊥) +
p⊥

zMh
H⊥q

1 (z, p⊥) sq · (p̂q × p̂⊥)

Collins function

X

Spin-p┴ correlations in fragmentation 
process (case of final spinless hadron) 



Spin-p⊥ correlations in fragmentation 
process (case of final spin 1/2 hadron) 

X

SΛ

polarizing fragmentation function

DΛ,SΛ/q(z,p⊥) =
1
2

DΛ/q(z, p⊥) +
1
2

∆NDΛ↑/q(z, p⊥) SΛ · (p̂q × p̂⊥)

=
1
2

DΛ/q(z, p⊥) +
p⊥

z MΛ
D⊥q

1T (z, p⊥) SΛ · (p̂q × p̂⊥)



dσ↑, ↓ =
∑

q

fq/p↑,↓(x,k⊥;Q2)⊗ dσ̂(y, k⊥;Q2)⊗Dh/q(z, p⊥;Q2)
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2
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q

∆Nfq/p↑(x, k⊥) S · (p̂× k⊥)⊗ dσ̂(y, k⊥)⊗Dh/q(z,p⊥)

sin(ϕ− ΦS)

∆Nfq/p↑ = −2k⊥
M
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Sivers effect in SIDIS
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Brodsky, Hwang, Schmidt model for Sivers function 

needs k┴ dependent quark distribution in p↑: 
Sivers function
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FIG. 1: Kinematics of the SIDIS process in the γ∗p center of mass frame.

where Nq, αq, βq and M1 (GeV/c) are free parameters to be determined by fitting the experimental data. Since
h(k⊥) ≤ 1 for any k⊥ and |Nq(x)| ≤ 1 for any x (notice that we allow the constant parameter Nq to vary only inside
the range [−1, 1]), the positivity bound for the Sivers function

|∆Nfq/p↑(x, k⊥)|
2fq/p(x, k⊥)

≤ 1 (9)

is automatically fulfilled. We adopt the usual (and convenient) gaussian factorization for the unpolarized distribution
and fragmentation functions:

fq/p(x, k⊥) = fq(x)
1

π〈k2
⊥〉

e−k2
⊥/〈k2

⊥〉 (10)

and

Dh
q (z, p⊥) = Dh

q (z)
1

π〈p2
⊥〉

e−p2
⊥/〈p2

⊥〉 , (11)

with the values of 〈k2
⊥〉 and 〈p2

⊥〉 fixed to the values found in Ref. [1] by analysing the Cahn effect in unpolarized
SIDIS:

〈k2
⊥〉 = 0.25 (GeV/c)2 〈p2

⊥〉 = 0.20 (GeV/c)2 . (12)

The parton distribution functions (PDF) fq(x) and the fragmentation functions (FF) Dh
q (z) also depend on Q2 via

the usual QCD evolution, which will be taken into account, at LO, in all our computations.
Before fitting the data on the Sivers asymmetries a few comments on the quark hadronization are necessary. While

most of the available sets of fragmentation functions describe rather well the pion multiplicities observed at HERMES,
many of them fail to reproduce the kaon multiplicities in SIDIS production. The main reason is the role of the strange
quarks, which is often not well established: for example, one expects that K+ mesons can be abundantly produced by
s̄ quarks, via creation from the vacuum of a light uū pair, rather than by u quarks, via creation from the vacuum of a
heavy ss̄ pair. Such a feature is particularly emphasized in the set recently obtained by de Florian, Sassot, Stratmann
(DSS) [13], which has DK+

s̄ (z) ' DK+

u (z) over the whole z range. This is shown in Fig. 2, where the LO DSS
fragmentation functions (solid lines) are compared with those extracted from Kretzer (KRE) [18] (dashed lines) and
from Hirai, Kumano, Nagai and Sudoh (HKNS) [19] (dotted lines). The DSS set, which is determined by fitting all
presently available multiplicity measurements, both for pions and kaons, is indeed the most suitable for our purposes.

This can also be seen in a more quantitative way. We know that Kretzer’s and other commonly adopted sets
of fragmentation functions are able to describe pion production data, as shown, for instance, in Fig. 4 of Ref. [13].
However, Fig. 13 of Ref. [13] shows instead that Kretzer fragmentation functions fail to reproduce charged kaon SIDIS
multiplicities, and might not be adequate to reconstruct transverse single spin asymmetries corresponding to kaon
production. In fact, by using the Kretzer set for our fit, we would not be able to describe the kaon asymmetry data:
to be more precise, we would obtain χ2/d.o.f. ≡ χ2

dof ) 1 for pions but χ2
dof ) 4 for kaon production asymmetries.

fq/p,S(x,k⊥) = fq/p(x, k⊥) +
1
2
∆Nfq/p↑(x, k⊥) S · (p̂× k̂⊥)

p⊥ = P T − z k⊥

Asin(Φh−ΦS)
UT ≡ 2

∫
dΦS dΦh [dσ↑ − dσ↓] sin(Φh − ΦS)∫

dΦS dΦh [dσ↑ + dσ↓]
∑

q

∫
dΦS dΦh d2k⊥ ∆Nfq/p↑(x, k⊥) sin(ϕ− ΦS)

dσ̂!q→!q

dQ2
Dh/q(z, p⊥) sin(Φh − ΦS)

∑

q

∫
dΦS dΦh d2k⊥ fq/p(x, k⊥)

dσ̂!q→!q

dQ2
Dh/q(z, p⊥)
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FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (φh−φS)
UT Sivers asymmetries (solid lines) are compared

with HERMES experimental data [10] for pion and kaon production (left and right panel respectively). The shaded area
corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (φh−φS)
UT for

pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the theoretical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain χ2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have χ2 = 0.94 per data
point, and a total χ2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for π0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(φh−φS)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken

M. A., M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, F. Murgia,A. Prokudin and C. Türk
e-Print: arXiv:0805.2677

Fit of HERMES data  on Asin(Φh−ΦS)
UT

some problems with K+ data
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FIG. 2: The LO unpolarized fragmentation functions for u, d and s flavours, at Q2 = 2.4 (GeV/c)2, as given by Kretzer [18]
(dashed lines), by Hirai, Kumano, Nagai and Sudoh [19] (dotted lines) and by De Florian, Sassot and Stratmann [13] (solid
lines). We show the fragmentation functions for π+ in the upper panel, and for K+ production in the lower panel. Notice that
the fragmentation function describing the probability of a K+ originating from an s̄ quark is much larger than that associated

to a K+ from a u quark, over the whole z range. The two solid curves in the central upper plot correspond to zDπ+

d = zDπ+

ū

(upper line) and zDπ+

s = zDπ+
s̄ (lower line).

Predictions for K± asymmetries were presented in Ref. [2] and the inadequacy of the Kretzer fragmentation functions
was pointed out in several talks (see, for example, Ref. [20]). The same conclusion has been confirmed, very recently,
in Ref. [21].

Let us now turn to the experimental data on kaon and pion Sivers azimuthal asymmetries measured by the HERMES
collaboration [10]. The single spin asymmetry corresponding to K+ production is, as a matter of fact, much larger
than the analogous asymmetry for π+. Although one could naively expect, on the basis of u quark dominance, that
K+ and π+ asymmetries should be roughly the same, the presence of a large DK+

s̄ FF can help to understand the
“puzzle” of the K+ asymmetry. Indeed, if a non-negligible s̄ Sivers function exists, then its action combined with a
large DK+

s̄ fragmentation function can give rise to a significant difference between K+ and π+ Sivers asymmetries.

III. FIT OF SIDIS DATA AND EXTRACTION OF SIVERS FUNCTIONS

The recent SIDIS experimental data on Sivers asymmetries for pion and kaon production give us the opportunity
to study sea-quark Sivers functions for ū, d̄, s and s̄ quarks. The u and d quark Sivers functions alone were already
studied in Ref. [2]; in the present analysis we will be able to improve the extraction of these functions and to present
first estimates of the sea-quark Sivers functions.

In order to evaluate the significance of the sea-quark Sivers contributions we first perform a fit of the SIDIS data
using flavour independent ratios of the sea-quark Sivers functions with the corresponding unpolarized PDFs: that is,
for ū, d̄, s and s̄ flavours we attempt an ‘unbroken sea’ ansatz:

∆Nfq/p↑(x, k⊥) = 2Nsea(x)h(k⊥) fq/p(x, k⊥) ,

Nsea(x) = Nsea xαsea(1 − x)βsea
(αsea + βsea)(αsea+βsea)

ααsea
sea ββsea

sea

, (13)

new set of fragmentation functions, based on pion 
and kaon production analysis

D. de Florian, R. Sassot, and M. Stratmann, Phys. Rev. D75, 114010 (2007)
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FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (φh−φS)
UT Sivers asymmetries (solid lines) are compared

with HERMES experimental data [10] for pion and kaon production (left and right panel respectively). The shaded area
corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (φh−φS)
UT for

pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the theoretical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain χ2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have χ2 = 0.94 per data
point, and a total χ2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for π0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(φh−φS)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken

Fit of COMPASS data  on deuteron target

Asin(Φh−ΦS)
UT ∝ (∆Nfu/p↑ + ∆Nfd/p↑)(4Dh/u + Dh/d)

cancellation
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FIG. 6: The Sivers distribution functions for u, d and s flavours as determined by our simultaneous fit of HERMES and
COMPASS data (see text for details). On the left panel, the first moment x ∆Nf (1)(x), Eq. (17), is shown as a function of x
for each flavour, as indicated. Similarly, on the right panel, the Sivers distribution x∆Nf(x, k⊥) is shown as a function of k⊥

at a fixed value of x for each flavour, as indicated. The highest and lowest dashed lines show the positivity limits |∆Nf | = 2f .

IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

Using the Sivers functions determined through our fit, we can give predictions for other transverse single spin

asymmetries Asin(φh−φS)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

COMPASS experiment operating with a hydrogen target, adopting the same experimental cuts which were used for
the deuterium target (Eq. (71) of Ref. [1]).

Forthcoming measurements at the energies of 6 and 12 GeV are going to be performed at JLab, on proton, neutron
and deuteron transversely polarized targets. The obtained data will be important for several reasons; they will
cover a kinematical region corresponding to large values of x, a region which is so far unexplored from other SIDIS

∆Nf (1)
q/p↑(x) ≡

∫
d2 k⊥

k⊥
4mp

∆Nfq/p↑(x, k⊥)

= −f⊥(1)q
1T (x)

extracted 
Sivers 

functions

∆Nfu/p↑ > 0

∆Nfd/p↑ < 0

∆Nfs̄/p↑ > 0



10

(x
)

d(1
)

 f
N

!
x

(x
)

u(1
)

 f
N

!
x

  
)

(x
, 
k

d
 f

N
!

x
  
)

(x
, 
k

u
 f

N
!

x

x    (GeV)k

0

0.02

0.04

0.06

0

0.2

0.4

0.6

x = 0.1

0 0.2 0.4 0.6 0.8 1

-0.06

-0.04

-0.02

0

0 0.2 0.4 0.6 0.8 1

-0.6

-0.4

-0.2

0

x = 0.1

FIG. 7: The Sivers distribution functions for u and d flavours as determined by our present fit (solid lines) are compared with
the Sivers distribution functions for u and d flavours as had been determined by our previous fit [2] on SIDIS data (dashed
lines), where π0 and kaon productions were not considered and only valence quark contributions were taken into account. This
plot clearly shows that the Sivers functions previously found are consistent, within the uncertainty bands, with the Sivers
functions presently obtained.

measurements. In particular, a combined analysis of HERMES, COMPASS and JLab SIDIS data will allow a much
better determination of the β parameters, which control the large x behavior of the Sivers distribution functions. In
addition, the combined analysis of proton and neutron target events will help flavour disentangling and a more precise
determination of u and d quark contributions. Our predictions for the JLab SSAs, for pion and kaon production off
proton, neutron and deuteron targets, at 6 and 12 GeV, are presented in Figs. 9–14.

The adopted experimental cuts for JLab operating on a proton or a deuteron target at 6 GeV are, in terms of the
usual SIDIS variables, the following:

0.4 ≤ zh ≤ 0.7 0.02 ≤ PT ≤ 1 GeV/c

0.1 ≤ x
B
≤ 0.6 0.4 ≤ y ≤ 0.85

Q2 ≥ 1 (GeV/c)2 W 2 ≥ 4 GeV2

1 ≤ Eh ≤ 4 GeV ,

(26)

whereas for a beam energy of 12 GeV they are:

0.3 ≤ zh ≤ 0.8 0.05 ≤ PT ≤ 1.5 GeV/c

0.05 ≤ x
B
≤ 0.7 0.25 ≤ y ≤ 0.85

1 ≤ Q2 ≤ 8 (GeV/c)2 W 2 ≥ 4 GeV2

1.5 ≤ Eh ≤ 3.5 GeV .

(27)

u and d Sivers functions rather well determined  



Comparison of predictions with COMPASS 
data, proton target Predictions: Sivers

S. Levorato, Transversity 2008 May 28-31 - Ferrara, Italy 
26
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statistical errors only; systematic errors ~ 0.5 σstat

discrepancy between 
HERMES and 

COMPASS data on 
Sivers asymmetry?
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Fig. 17. – The moments of the Sivers functions as extracted in Refs. [20, 27, 28, 29]. Notice that

f⊥(1)q
1T (x) =

∫

d2k⊥
k2
⊥

2M2 f⊥q
1T (x, k⊥) and that f⊥(1/2)q

1T (x) =
∫

d2k⊥
k⊥
M f⊥q

1T (x, k⊥). Moreover,

f⊥q
1T = − M

2k⊥
∆Nfq/p↑ . The uncertainty bands are shown, see Ref. [30] for details.

eq. (24), which contains the Collins function. This process is represented in fig. 18, and
translates into the schematic formula:

!

!"

!

!

! !

!
!

!
!

!
!

!
!

!!!

!! !"

!
"

Fig. 18. – The Collins mechanism at work in SIDIS processes. The transversely polarized
quark, after interaction with the lepton via exchange of a virtual photon, retains an amount of
transverse polarization and fragments into the observed final hadron. Notice that the direction
of Sq′ is symmetric of Sq with respect to the normal (y) to the leptonic plane and is reduced
in magnitude by a depolarization factor, |Sq′ | = |Sq| 2(1 − y)/[1 + (1 − y)2] [36]. The Collins
azimuthal angle between Sq′ and P T is ΦC = ΦS′ − Φh = π − ΦS − Φh.

Dh/q,sq
(z,p⊥) = Dh/p(z, p⊥) +

1
2
∆NDh/q↑(z, p⊥) sq · (p̂q × p̂⊥)

sq′ · (p̂q′ × p̂⊥) " sin(Φh + ΦS)

Spin effect comes from fragmentation of a 
transversely polarized quark 

initial q spin is transfered 
to final q', which fragments

q

q’

Collins effect in SIDIS

∆NDh/q↑(z,p⊥) ≡ ∆NDh/q↑(z, p⊥) sq · (p̂q × p̂⊥)



dσ↑ − dσ↓ =
∑

q

h1q(x, k⊥)⊗ d∆σ̂(y, k⊥)⊗∆NDh/q↑(z,p⊥)

Asin(Φh+ΦS)
UT ≡ 2

∫
dΦh dΦS [dσ↑ − dσ↓] sin(Φh + ΦS)

∫
dΦh dΦS [dσ↑ + dσ↓]

d∆σ̂ = dσ̂!q↑→!q↑ − dσ̂!q↑→!q↓

Asin(Φh+ΦS)
UT =

∑

q

∫
dΦS dΦh d2k⊥ h1q(x, k⊥)

d∆σ̂!q→!q

dQ2
∆NDh/q↑(z, p⊥) sin(Φh + ΦS)

∑

q

∫
dφS dφh d2k⊥ fq/p(x, k⊥)

dσ̂!q→!q

dQ2
Dh/q(z, p⊥)

Collins effect in SIDIS couples to transversity



fit to HERMES data on
W. Vogelsang and F. Yuan

Soffer-saturated h1



A. V. Efremov, K. Goeke and P. Schweitzer
(h1 from quark-soliton model)



e+e− → q q̄ → h1h2 X

Collins function from e+e– processes 
(spin effects without polarization, D. Boer) 

e+e-  CMS frame: BELLE @ KEK

e+ 

ϕ1

ϕ2−π e- 

e+ 

thrust-axis



q̄

q
e+e−

Sq

Sq̄

θ

dσe+e−→q↑q̄↑

d cos θ
=

3πα2

4s
e2
q cos2 θ

dσe+e−→q↓q̄↑

d cos θ
=

3πα2

4s
e2
q

dσe+e−→h1h2X

dz1 dz2 d2p⊥1 d2p⊥2 d cos θ
=

3πα2
s

2s

∑

q

e2
q

{
(1 + cos2 θ) Dh1/q(z1, p⊥1) Dh2/q̄(z2, p⊥2)

+
1
4

sin2 θ ∆NDh1/q↑(z1, p⊥1) ∆NDh2/q̄↑(z2, p⊥2) cos(ϕ1+2)
}

dσe+e−→h1h2X

dz1 dz2 d cos θ d cos(ϕ1 + ϕ2)
=

3α2
s

4s

∑

q

e2
q

{
(1 + cos2 θ)Dh1/q(z1, p⊥1) Dh2/q̄(z2, p⊥2)

+
1
4

sin2 θ ∆NDh1/q↑(z1) ∆NDh2/q̄↑(z2) cos(ϕ1+2)
}



Collins asymmetry best fit



M. A., M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, F. Murgia,A. Prokudin and C. Türk



best fit of 
Belle data
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extracted transversity distributions 
(blue lines = Soffer’s bound)



extracted Collins functions



comparison of extracted transversity 
distributions with models



transversity vs. helicity
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Transversity vs. helicity
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distribution
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this analysis at Q2 = 2.4 GeV2.
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q(x) + ∆q(x)
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GRV98LO + GRSV98LO

3 Dashed line – helicity
distribution
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Tensor charges               (∆T q̄ = 0)

Introduction Collins effect in SIDIS and e+e− annihilation ConclusionsDescription of the data & Predictions

Tensor charges

∆Tu = 0.59+0.14
−0.13, ∆Td = −0.20+0.05

−0.07 at Q2 = 0.8 GeV2

1 Quark-diquark model:
Cloet, Bentz and Thomas
PLB 659, 214 (2008), Q2 = 0.4 GeV2

2 CQSM:
M. Wakamatsu, PLB B 653 (2007) 398.
Q2 = 0.3 GeV2

3 Lattice QCD:
M. Gockeler et al.,
Phys.Lett.B627:113-123,2005 , Q2 = 4
GeV2

4 QCD sum rules:
Han-xin He, Xiang-Dong Ji,
PRD 52:2960-2963,1995, Q2 ∼ 1 GeV2
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Transversity vs. helicity
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Transversity vs. helicity
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−0.13, ∆Td = −0.20+0.05

−0.07 at Q2 = 0.8 GeV2

∆u = 0.87, ∆d = −0.39 at Q2 = 0.8 GeV2

More informative, the contribution to the spin:
∆u + ∆d = 0.47, ∆Tu + ∆Td = 0.38+0.12
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Phenomenological implementation of spin
sum rules?
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=
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2
∆Σ + ∆G+ < Lq,q̄

z > + < LG
z >

1

2
=

1

2

∑

q,q̄

∆Tq+ < Lq,q̄
sT > + < LG

sT >

see talk of Elliot Leader.
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∑

a

∫
dx d2k⊥ k⊥ fa/p↑(x,k⊥) ≡

∑

a

〈ka
⊥〉 = 0

S

number density of partons 
with longitudinal momentum 
fraction x and transverse 

momentum k┴, inside a proton 
with spin S 

M. Burkardt, PR D69, 091501 (2004) 

What do we learn from the Sivers 
distribution?



Total amount of intrinsic momentum carried by 
partons of flavour a

〈ka
⊥〉 =

[
π

2

∫ 1

0
dx

∫ ∞

0
dk⊥ k2

⊥∆Nfa/p↑(x, k⊥)
]

(S × P̂ )

= mp

∫ 1

0
dx∆Nf (1)

q/p↑(x) (S × P̂ ) ≡ 〈ka
⊥〉 (S × P̂ )

Burkardt sum rule almost saturated by u and d quarks 
alone; little residual contribution from gluons

〈ku
⊥〉 + 〈kd

⊥〉 = −17+37
−55 (MeV/c)

〈kū
⊥〉 + 〈kd̄

⊥〉 + 〈ks
⊥〉 + 〈ks̄

⊥〉 = −14+43
−66 (MeV/c)

[
〈ku
⊥〉 = 96+60

−28 〈kd
⊥〉 = −113+45

−51

]

−10 ≤ 〈kg
⊥〉 ≤ 48 (MeV/c)

〈ku
⊥〉

〈kd
⊥〉



Φ(x,k⊥) =
1
2

[
f1/n+ + f⊥1T

εµνρσγµnν
+kρ
⊥Sσ

T

M
+

(
SL g1L +

k⊥ · ST

M
g⊥1T

)
γ5/n+

+ h1T iσµνγ5nµ
+Sν

T +
(

SL h⊥1L +
k⊥ · ST

M
h⊥1T

)
iσµνγ5nµ

+kν
⊥

M

+ h⊥1
σµνkµ

⊥nν
+

M

]

The leading-twist correlator, with intrinsic k┴, 
contains several other functions .....  
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P, S

q q

k

k′

P, S

Fig. 1. – The handbag diagram for DIS. At leading QED order, the interaction between the
lepton (not shown) and the nucleon is mediated by the exchange of a virtual photon. Thus, the
DIS cross section is just the total cross section for the γ∗N → X process, which, by the optical
theorem, is related to the forward scattering amplitude. In the parton model, at leading QCD
order, the virtual photon scatters off a single quark in the nucleon, as represented in the figure.
The lower blob is thus the matrix element between the nucleon initial and final states of two
quark fields, one ”extracted from” and the other ”replaced into” the nucleon. It is a matrix in
the Dirac spinor space.

and it shows the chiral-odd nature of transversity, as it relates quarks with opposite
helicities. It is then clear why h1 cannot be measured in DIS: the bottom blob of fig. 2
cannot be inserted in the handbag diagram of fig. 1, as the QED (and QCD) interactions
conserve helicity and there is no way, by photon or gluon couplings, of flipping the helicity
of massles quarks.

A measurement of transversity requires a process in which h1 couples to another
chiral-odd function. Several suggestions have been discussed in the literature. At the
moment the most practicable way appears via SIDIS processes [7], in which h1 couples
to a chiral-odd fragmentation function, the Collins fragmentation function, as depicted
in fig. 3. In principle, the cleanest and most direct way should be via the measurement
of the double transverse spin asymmetry ATT in Drell-Yan processes, which couples two
transversity distributions (see fig. 4), as discussed in Section 5.

So far we have only considered collinear partonic configurations, in which the rele-
vant degrees of freedom, describing the nucleon structure, are the parton longitudinal
momentum fraction x and the helicities. Yet, it is already clear that the spin transverse
degree of freedom is at least as interesting, but much less known. It will be much more
so when also the intrinsic transverse motions of partons, k⊥, in addition to x, will be
considered. Which requires a detour into the issue of SSA.

3. – The (problem of) transverse Single Spin Asymmetries

Let us consider a 2 into 2 physical process, like AB → C D, in the center of mass
reference frame, A(p) + B(−p) → C(p′) + D(−p′), like in fig. 5. We wonder whether
or not the cross section for such a process can depend on the spin polarization S of one
particle only, say A; particle B is not polarized and the polarization of the final particles
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